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556a Wednesday, March 9, 2011Rem fully inhibited [Ca2þ]-induced nuclear NFAT translocation and truncated
Rem1-265 had no effect. Rem1-265-Cav inhibited more than 80% of [Ca2þ]-
induced NFAT nuclear translocation. Conclusion: These results suggest that
CaV1.2 within Cav3 signaling microdomains is a major source of hypertrophic
[Ca2þ] signaling and it can be blocked with little or no effect on excitation-
contraction coupling.
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DantroleneRestores AlteredRyR2-MediatedCa Signaling inHeart Failure
Joshua T. Maxwell, Timothy L. Domeier, Lothar A. Blatter.
In heart failure (HF) arrhythmogenic Ca release and chronic [Ca]SR depletion
arise due to altered function of ryanodine receptors. Dantrolene, a therapeautic
agent used to treat malignant hyperthermia associated with mutations of the
type 1 ryanodine receptor (RyR1), is purported to be without effects on the car-
diac type 2 ryanodine receptor (RyR2). However, recent investigations suggest
that dantrolene may correct abnormal RyR2-mediated calcium release associ-
ated with HF. In this investigation, we tested if dantrolene exerts anti-
arrhythmic effects on heart failure ventricular myocytes by examining the
intra-SR Ca threshold for arrhythmogenic Ca waves. Using the low-affinity cal-
cium indicator fluo-5N entrapped in the SR, direct measurement of [Ca]SR
showed that in normal rabbit myocytes dantrolene (1 microM) had no effect
on SR Ca content, the amplitude of action potential induced intra-SR Ca deple-
tions, or on the threshold for spontaneous Ca wave initiation (i.e., the SR Ca
content at which spontaneous waves initiate). Furthermore, in field stimulated
(0.5 Hz and 1.0 Hz) normal cardiomyocytes loaded with indo-1, dantrolene
treatment had no effect on Ca transient amplitude, SR Ca load, or post-rest de-
cay of SR Ca content. In cardiomyocytes from failing rabbit hearts, SR Ca con-
tent and the wave initiation threshold were decreased compared to normal
myocytes. Interestingly, treatment of HF cardiomyocytes with dantrolene re-
stored the SR Ca content and increased the wave initiation threshold. Together,
these data suggest that dantrolene may exert anti-arrhythmic effects in heart
failure cardiomyocytes by increasing the intra-SR Ca threshold at which spon-
taneous Ca waves occur.
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A Stochastic Model of the Ryanodine Receptor Featuring Coupled Gating
and Competitive Binding of Luminal and Cytosolic Ca2D and Mg2D
Johan Hake, William E. Louch, K Haugen, Ivar Sjaastad, Ole M. Sejersted,
Andrew McCulloch, Anushka Michailova, Glenn T. Lines.
During the last fifteen years, a number of computational models of local con-
trol of Ca2þ induced Ca2þ release have been presented. Recently, models for
the activation of the ryanodine receptor (RyR), have been suggested which,
include competitive binding of cytosolic and luminal Ca2þ and Mg2þ. These
models reproduce experimental spark frequency data obtained under different
luminal and cytosolic Ca2þ and Mg2þ concentrations. However, they are
steady-state models which cannot be used to study detailed spark kinetics,
or they have only been used to fit RyR kinetics from bi-layer experiments.
Here we present a stochastic and discrete model of the RyR featuring alloste-
ric activation by competitive binding of luminal and cytosolic Ca2þ and
Mg2þ. The model also includes allosteric coupling between neighboring
RyRs. We couple the model of the RyR with diffusional domains for both
the junctional sarcoplasmic reticulumn and the dyadic cleft using a finite
element model of diffusion. The allosteric coupling is modeled using a sym-
metric free energy approach, which keeps the number free parameters low.
The model is fit to spark data from failing and SHAM-operated mice. The
failing myocytes were aquired from a murine model of congestive heart fail-
ure (CHF). Myocardial infarction was induced by left coronary artery ligation,
and at 10 weeks post-MI, mice exhibited symptoms of CHF. We use the com-
putational model to explore the effect of phosphorylated RyRs in the failing
myocytes.
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Determinants of the Site of Ca2DWave Initiation in Smooth Muscle
Marnie L. Olson, John G. McCarron.
Many smooth muscle activities including contraction, transcription and apopto-
sis are regulated by inositol 1,4,5-trisphosphate (InsP3)-mediated increases in
cytosolic Ca2þ concentration ([Ca2þ]c). Activation of surface receptors, such
as muscarinic acetylcholine M3 receptors (mAChR3), leads to the production
of InsP3 to evoke Ca
2þ release via receptors (InsP3R) present on sarcoplasmic
reticulum. Ca2þ release usually begins in a single ‘eager’ region and regener-
atively propagates along the length of the cell as a Ca2þ wave. The Ca2þ wave
repeatedly originates at the same ‘eager’ site. We addressed the mechanisms
which determine the Ca2þ wave initiation site. One possibility is that the
‘eager’ site has a higher sensitivity to InsP3 to evoke larger Ca
2þ release.This does not appear to be the case because the site where waves initiated
was not the site of largest Ca2þ release (as determined by local photolysis of
caged InsP3). The expression patterns of mAChR3 and InsP3R may provide
an explanation. Although, there was no apparent regional receptor clustering,
dual labelling of mAChR3 and InsP3R showed some receptor co-localization.
Ca2þ wave initiation site may be determined by regions where the proximity
of mAChR3 and InsP3R generate higher local [InsP3] and [Ca
2þ]c. To explore
this possibility the adaptability of the Ca2þ wave initiation site was examined
by changing the local Ca2þ buffer capacity using the caged Ca2þ buffer diazo-
2. Photolysis of diazo-2, at the site of wave initiation, during agonist application
prevented initiation at this location. Yet, after a time lag the Ca2þ wave initi-
ated at a new ‘eager’ site. These results indicate that the Ca2þ wave initiation
site may be determined by co-localisation of mAChR3 and InsP3R and that the
‘eager’ site is altered when the [Ca2þ]c increase is prevented. Supported by the
Wellcome Trust and British Heart Foundation.
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Sustainable TRPM4 Channel Activity Following Restoration of Cytosolic
Calcium Buffering in Freshly Isolated Cerebral Smooth Muscle Cells
Albert L. Gonzales, Scott Earley.
The melastatin transient receptor potential (TRP) channel TRPM4 is a critical
regulator of smooth muscle membrane potential and arterial tone. Activation of
the channel is Ca2þ-dependent, but prolonged exposures to high intracellular
Ca2þ causes rapid desensitization under conventional whole-cell patch clamp
conditions. Using amphotericin B perforated whole-cell patch clamp electro-
physiology which allows for minimal disruption of cytosolic Ca2þ dynamics,
we recently showed that Ca2þ release from inositol trisphosphate receptors
(IP3R) activate TRPM4 channels, producing Transient Inward Cation Currents
(TICCs). The coupling of IP3R-mediated Ca
2þ-release with activation of
TRPM4 channels has not been fully characterized. We hypothesized that under
conventional whole-cell conditions, loss of intrinsic cytosolic Ca2þ buffering
following cell dialysis contributes to desensitization of TRPM4 channels.
With the Ca2þ buffer ethylene glycol-bis(2-aminoethylether)-N,N,N0,N0-
tetraacetic acid (EGTA, 10mM) included in the pipette solution, we were
able to restore cytosolic Ca2þ buffering and record sustained TICC activity
in freshly isolated cerebral smooth muscle cells. The total open probability
for TICC activity was reduced following the administration of the TRPM4 in-
hibitor 9-phenanthrol and by siRNA-mediated knockdown of TRPM4, strongly
suggesting that TICC activity is mediated through TRPM4. Lower concentra-
tions of EGTA were not sufficient to restore TRPM4 activity. We further exam-
ined the spatial and temporal coupling between Ca2þ released through IP3R and
the activation of TRPM4 channels using the fast Ca2þ buffer bis-ethane-
N,N,N’,N’-tetraacetic acid (BAPTA) in the pipette. This study demonstrates
our ability to restore Ca2þ buffering to physiological levels and allows for fur-
ther examination of the coupling between IP3R and TRPM4 activity in arterial
smooth muscle cells RO1HL091905; F31HL094145-01.Calcium Fluxes, Sparks, & Waves
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Modeling the Mechanisms of Calcium-Mediated Cardiac Arrhythmias
M. Saleet Jafri, W. Jonathan Lederer, George S.B. Williams,
Joseph L. Greenstein, Raimond L. Winslow.
Dysfunction of normal calcium dynamics has been implicated in the genera-
tion of cardiac arrhythmias. It is thought that spontaneous calcium release
events in the myocyte lead to the formation of intracellular calcium waves.
These calcium release events occur through opening of the ryanodine receptors
(RyRs) in the sarcoplasmic reticulum. In order for this to lead to an arrhyth-
mia, these waves need to depolarize the cardiac myocyte in events know as
early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs).
These aberrant depolarizations must spread to adjacent cells in a propagating
wave of depolarization to disrupt the normal pattern of electrical excitation of
the heart. Computational compartmental ventricular myocyte models have
shown that EADs and DADS can be generated by certain conditions consistent
with experiments. We have developed a spatio-temporal computational model
of a chain of cardiac myocytes based on the Jafri-Rice-Winslow model of the
guinea pig ventricular myocyte. The model includes spatial resolution of the
individual myocyte as well as a network of myocytes, calcium dynamics,
and the sarcolemmal electrical activity. We use the model to explore how
factors such as calcium overload, RyR calcium sensitivity, and other factors
affect the generation of calcium waves. Furthermore, we also explore under
what conditions the calcium wave can depolarize the myocyte and induce
Wednesday, March 9, 2011 557aa propagating wave of depolarization to adjacent myocytes. These insights can
be used to better understand the basic mechanisms of calcium-entrained car-
diac arrhythmias.
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Self-Organization of Pacemaking Sites for Calcium Waves and
Oscillations in Cardiac Myocytes
Michael Nivala, Chris Ko, Alan Garfinkel, James N. Weiss, Zhilin Qu.
Calcium (Ca) sparks are elementary events of intracellular Ca signaling, which
tend to occur randomly. Ca waves and whole-cell Ca oscillations occur under
Ca overload and disease conditions. How Ca waves emerge from Ca sparks is
not completely understood. We developed a three-dimensional model for Ca
cycling which contains 100x20x10=20,000 identical Ca release units
(CRUs), simulating the CRU network corresponding to a complete cardiac my-
ocyte with dimensions of 100x20x10 micrometers. Using this model, we can
generate the well known Ca signaling hierarchy: Ca quarks, Ca sparks,
macro-sparks, abortive waves, and full Ca waves. We can also induce spiral
waves within the cell, a wave phenomenon widely observed in myocyte exper-
iments. Besides the well known experimental observation that increasing Ca
loading promotes these wave dynamics, we also make the following observa-
tions: 1) The diffusion rate of Ca is a key parameter. Spontaneous Ca waves
occur only when the diffusion rate is above a critical value. 2) When the model
is homogeneous, Ca waves originate from different locations via a self-
organizing process. This self-organizing process is influenced by, but does
not require, heterogeneity. 3) When the model contains heterogeneities, such
as heterogeneous Ca release channel distribution, Ca waves can originate
from different locations or occur repeatedly from the same location. In real car-
diac rabbit ventricular myocytes loaded with Fluo-4 AM to image intracellular
Ca, Ca waves typically originate from different locations after successive rapid
pacing episodes. In conclusion, our results indicate that Ca waves in cardiac
myocytes originate predominantly as a result of self-organizing processes
rather than pre-existing heterogeneities.
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Ca2D Leak and Ca2D Sparks in Mammalian Heart: Insights from a
Computational Model
George S.B. Williams, Aristide C. Chikando, W. Jonathan Lederer,
Eric A. Sobie, Hoang-Trong M. Tuan, M Saleet Jafri.
Calcium (Ca2þ) signaling in muscle, neuronal, and non-excitable cells has
benefited significantly from advances in biological tools and imaging technol-
ogy, however, the molecular interactions of nanoscopic molecules, structures
and compartments has been challenging to study under physiological condi-
tions. Here, we exploit novel computational modeling techniques to examine
real-time molecular and cellular physiology in cardiac ventricular myocytes.
The model focuses on local and cell-wide Ca2þ signaling phenomena related
to calcium induced calcium release from intracellular calcium channels, ryano-
dine receptors (RyR2s), located on the sarcoplasmic reticulum (SR) membrane.
This work is informed by the latest molecular investigations and recent
characterizations of channels, transporters, and buffers located in mammalian
heart. We have created a detailed, whole-cell model of Ca2þ signaling using
a realistic number of calcium release units (CRU) each containing a cluster
of stochastically gating RyR2s. During systole the opening of these RyR2s is
triggered by Ca2þ entry via voltage gated L-type Ca2þ channels. The syn-
chronized opening of the RyR2 cluster leads to localized elevations of
[Ca2þ]i known as Ca2þ sparks. During diastole Ca2þ sparks are still ob-
served and are attributed to the finite opening rate of the RyR2. RyR2s are
also believed to display unsynchronized or non-spark openings where only
a few channels in the CRU open without triggering the remainder of the
RyR2 cluster. This non-spark Ca2þ release would be below current experi-
mental detection thresholds and therefore ‘‘invisible.’’ These spark and non-
spark openings of RyR2s constitute a molecular basis for Ca2þ leak from
the SR. The computational model suggests that a significant fraction of SR
Ca2þ leak is due to RyR2s openings that fail to trigger a ‘‘visible’’ Ca2þ
spark. Additionally, the fraction of non-spark or ‘‘invisible’’ SR Ca2þ leak
increases as SR Ca2þ content declines.
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GPU-Enabled stochastic Spatiotemporal Model of Rat Ventricular
Myocyte Calcium Dynamics
Tuan M. Hoang-Trong, George S.B. Williams, Jonathan W. Lederer,
Saleet Jafri.
The dysfunction of the normal calcium dynamics is a major factor in certain
types of cardiac arrhythmias. These cardiac arrhythmias are thought to result
from Ca2þ waves which occur when Ca2þ release propagates from one releasesite to another outside of the normal time during systole resulting in depolariza-
tion of the cell’s outer membrane. Experimental results suggest that the elemen-
tary event underlying calcium release at these sites is the Ca2þ spark and the
summation of these Ca2þ sparks result in the global [Ca2þ]i transient that
causes contraction. We have developed a model of the cardiac myocyte that in-
cludes the spatial organization and microsecond level resolution of clusters of
ryanodine receptor (RyR) that are Ca2þ release channels responsible for the
generation of Ca2þ sparks. We use this model to explore how Ca2þ overload,
RyR Ca2þ sensitivity, RyR coupling, and other factors that affect the propaga-
tion of Ca2þ release between release sites. We will utilize our newly developed
Ultrafast Markov chain Monte Carlo method which allows the rapid simulation
of a whole-cell model containing 20,000 release sites, each containing 7 L-type
Ca2þ channels and 50 RyRs. This algorithm greatly reduces computation time
by using adaptive time step approach and a compact representation of the Mar-
kov chain state space. Hence, this novel method provides a powerful tool for
performing stochastic cellular simulation with realistic Ca2þ dynamics. Also,
with the availability of the next generation graphics processing units (GPU)
computing architecture - codename Fermi from NVIDIA - model solution is
greatly accelerated allowing the implementation of such a detailed model for
the first time.
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Contributions of Structural t-Tubule Heterogeneities and Membrane
Ca2D Flux Localization to Local Ca2D Signaling in Rabbit Ventricular
Myocytes
Peter M. Kekenes-Huskey, Yuhui Cheng, Johan Hake, Frank Sachse,
John Bridge, J.A. McCammon, Anushka Michailova.
The micro-architecture of the transverse tubular system (t-system) and the ar-
rangement of associated proteins are central to the function of ventricular car-
diomyocytes. Recently, confocal imaging and image processing was used to
characterize the geometry of the t-system in rabbit ventricular cells [1]. The av-
erage diameter of single t-tubules was estimated to be 448þ-172 nm with con-
strictions occurring every 1.87þ-1.09 um along their principal axis. Here, we
used mathematical modeling to investigate how local variations in t-tubular
cross-sectional area and the distribution of membrane Ca2þflux regulate
Ca2þ-entry, diffusion and buffering in rabbits [2]. The current model includes
a realistic geometry of a single t-tubule, its surrounding half-sarcomeres, the
spatially distributed Ca2þtransporting proteins along the cell membrane
(L-type Ca2þ channel, Naþ/Ca2þ exchanger, sarcolemmal Ca2þ pump) as
well as stationary and mobile Ca2þ buffers (troponin C, ATP, calmodulin,
Fluo-3). A finite element software package CSMOL was used to solve the cou-
pled reaction-diffusion PDE system describing the time-dependent concentra-
tion profiles of the above-listed species.[3]. The model was parameterized
according to voltage-clamp data in rabbit ventricular myocytes with Ca2þ re-
lease at the sarcoplasmic reticulum disabled pharmacologically [4]. The results
indicate that the constrictions and spatial arrangements of membrane Ca2þ pro-
teins may cause local inhomogeneities in Ca2þ concentration. In addition, we
examined the activation of a catalytic Ca2þ-binding site on Naþ/Ca2þ ex-
changer on local Ca2þ gradients in the presence or absence of fluorescent dye.
[1]Savio-Galimberti et al., Biophys J 95:2053-2062,2008.
[2]Chenget al., PLoS CompBiol 2010, (in press).
[3]SmoluchowskiSolver (CSMOL), http://mccammon.ucsd.edu/smol/
[4]Sobie et al., Biophys J: Biophys Lett:L54-L56,2008.
Supported by NBCR (NIH grant 2 P41 RR08605), NIHGM31749, NSFMCB-
0506593,MCA93S013, Center for Theoretical Biological Physics, HHMI,
SDSC, W. M. Keck foundation, and the Nora Eccles Harrison Cardiovascular
Research and Training Institute
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How Does RyR2-Mediated SR Calcium Leak Fail to Cause Sparks?
Daisuke Sato, Donald M. Bers.
Recent experiments have shown that Ca leak from the sarcoplasmic reticulum
(SR) can occur via spontaneous Ca sparks, non spark ryanodine receptor (RyR)
mediated leak, and RyR independent pathways (Zima et al.BJ, 94:104a, 2008).
Opening of a single RyR is expected to increase local [Ca] in the cleft space
rapidly (<< 1 ms) to levels that are expected to activate neighboring RyR
in that cleft via Ca induced Ca release. Our question is how and why RyR-
mediated SR Ca leak becomes mainly non-spark mediated at moderate to
low SR Ca loads. To answer this question, we analyze Ca flux through RyRs
using a physiologically detailed mathematical model of junctional SR Ca re-
lease in which RyR gating is regulated by intra SR and cleft [Ca] ([Ca]SR &
[Ca]Cleft). In this model, there are one hundred RyR channels in one Ca release
unit. Each RyR opens stochastically depending on [Ca]Cleft and [Ca]SR . We
